Cellular senescence was first identified as an intrinsic process that halts the proliferation of normal cells ([@bib12]; [@bib5]). Decades later, it became apparent that the senescence response is a potent tumour-suppressive mechanism that halts the proliferation of premalignant cells ([@bib12]; [@bib5]). Mice (and humans) that are deficient in mounting a senescence response are inevitably cancer prone.

In response to the potentially oncogenic signals, cells enter an essentially irreversible senescent state, which is established and maintained by the p53/p21 and p16INK4a/pRB tumour-suppressor pathways ([@bib31]). Ironically, the accumulation of senescent cells over time can also promote tumorigenesis through the secretion of numerous bioactive molecules termed as the senescence-associated secretory phenotype (SASP; [@bib8]) or senescence-messaging secretome ([@bib21]) ([Figure 1](#fig1){ref-type="fig"}). SASP factors include pro-inflammatory cytokines, chemokines, growth factors and proteases ([@bib17]; [@bib2]; [@bib38]). Although the SASP can contribute to a pro-carcinogenic microenvironment, recent findings show it can also promote tissue remodelling and wound healing ([@bib10]). Therefore, depending upon the context, it is now clear that cellular senescence and the SASP contribute to myriad physiological functions, both beneficial and deleterious. The goal of this review is to present and discuss these different aspects.

The 'bright side\' of senescence and the SASP
=============================================

As mentioned in the Introduction, senescence was initially considered as a tumour-suppressive mechanism ([@bib12]), and this aspect has been the subject of a substantial amount of literature during the past several decades. However, it is only recently that other beneficial effects of senescent cells have been described, and it is on these novel aspects that we are focusing the first part of our review.

Senescent cells facilitate tissue repair
----------------------------------------

In addition to stopping proliferation of premalignant cells, some data suggest that senescence has indeed other beneficial effects. In response to acute liver injury, hepatic stellate cells are induced to proliferate and produce extracellular matrices to repair the damage, but then undergo senescence. In mice lacking senescence effectors, hepatic stellate cells continue to proliferate and produce excessive extracellular matrix (ECM) leading to tissue fibrosis. Thus, liver injury induces a senescence response, which limited liver fibrosis; this effect is critically dependent on the matrix metalloproteinases that comprise part of the SASP ([@bib19]). In the presence of chronic liver damage, ablation of a p53-dependent senescence programme in hepatic stellate cells increases liver fibrosis and cirrhosis, and this ablation is associated with reduced survival and enhanced transformation of adjacent epithelial cells into hepatocellular carcinoma ([@bib26]).

Although the limitation of hepatic fibrosis is an important consequence of senescence, other models of tissue injury reveal additional roles for senescent cells in response to injury. Indeed, senescent cells and the SASP are also important for optimal wound healing ([@bib14]; [@bib10]). In response to cutaneous wounds, fibroblasts and endothelial cells undergo senescence in a matricellular CCN1-dependent manner ([@bib14]). This senescence accelerates wound closure by inducing myofibroblast differentiation through the secretion of platelet-derived growth factor AA (PDGF-AA; [@bib10]). Selective elimination of p16INK4a-positive senescent cells using transgenic mice delays wound closure, and topical treatment of senescence-free wounds with recombinant PDGF-AA rescues the delayed wound closure and induces myofibroblast differentiation in the absence of senescence.

Senescent cells recruit immune cells
------------------------------------

In addition to its beneficial role in wound healing, senescent cells recruit innate immune cells to kill tumour cells ([@bib37]; [@bib40]). In particular, SASP factors recruit natural killer cells to eliminate malignant cells ([@bib13]). In addition, SASP components attract immune cells, which can remove nearby damaged cells ([@bib18]). Premalignant but senescent murine hepatocytes secrete chemokines and cytokines that promote immune-mediated clearance (senescence surveillance), which requires an intact CD4^+^ T-cell-mediated adaptive immune response. Impaired immune surveillance of these premalignant senescent hepatocytes fosters the development of hepatocellular carcinomas ([@bib15]). Thus, senescence can also suppress tumorigenesis *in vivo* through immune surveillance ([Figure 1](#fig1){ref-type="fig"}).

Senescence in development
-------------------------

Finally, senescent cells are also important during embryonic development for fine-tuning the morphogenesis of certain structures ([@bib27]; [@bib32]). Senescence was only partially compensated for by apoptosis, thus attributing a role for senescence during embryonic tissue development. In contrast to damage and injury-induced senescence, embryonic senescence was found to be p21-dependent, but p53- and p16INK4a-independent.

Thus, there is a beneficial role for senescence and the SASP in development and tissue repair---an important 'bright side\' of senescence that extends beyond tumour suppression ([Figure 1](#fig1){ref-type="fig"}). However, evidence continues to mount that the SASP can also be detrimental.

The 'dark side\' of senescence and the SASP
===========================================

The SASP is pro-tumorigenic
---------------------------

The SASP can create a pro-tumorigenic microenvironment in several ways. First, SASP factors support tumour cell invasion and metastasis by disrupting and remodelling tissue structure ([@bib8]; [@bib30]). Senescent cells secrete large amounts of proteases that degrade the ECM, rendering the tissue structure more relaxed and thus facilitating the invasion of cancer cells ([@bib8]). SASP factors also facilitate tumour cell invasion by inducing an epithelial-to-mesenchymal transition in neighbouring cells ([@bib22]). Specific interleukins that are part of the SASP indeed contribute to connect senescence with an inflammatory phenotype and cancer ([@bib20]). Very recently, [@bib3] demonstrated that the clearance of p16INK4a-positive cells delays tumorigenesis and attenuates age-related deterioration of several organs.

Second, senescent cells can directly or indirectly promote tumour vascularisation. Senescent cells secrete a variety of angiogenic factors that promote the proliferation and assembly of endothelial cells for neo-angiogenesis ([@bib9]). Senescent cells can also indirectly promote angiogenesis by recruiting macrophages and stimulating them to adopt a pro-angiogenic M2 phenotype ([@bib16]).

Third, the SASP promotes tumour growth by establishing a microenvironment that is immunosuppressive. Senescent cells secrete cytokines that recruit myeloid-derived suppressor cells that inhibit CD8^+^ T-lymphocyte-mediated killing of tumour cells ([@bib33]). By modifying the SASP through STAT3 inhibition, the secretion of several immunosuppressive cytokines is diminished leading to a strong anti-tumour response triggered by CD8^+^ T lymphocytes and tumour regression ([@bib33]). These various activities of the SASP ([Figure 1](#fig1){ref-type="fig"}) make it an appealing target for novel adjuvant anti-cancer therapies.

Methods to target the detrimental SASP
--------------------------------------

The SASP can be targeted using several approaches. First, the SASP can be eliminated by directly killing the senescent cells, particularly using genetically modified mice. The selective elimination of p16INK4a-expressing senescent cells by apoptosis delays several age-related pathologies, in a progeroid mouse model ([@bib4]; [@bib7]), and tumorigenesis ([@bib3]). Another recent study showed that hematopoetic cells were rejuvenated following elimination of senescent cells in mice prematurely aged due to total body irradiation ([@bib6]). Another way to target the SASP is by decreasing the secretion of SASP factors. One approach is an inhibition of p38MAPK ([@bib11]). Diverse stimuli activate this stress-inducible kinase when normal cells undergo senescence, and p38MAPK inhibition by genetic or pharmacological means markedly reduces the secretion of many SASP factors.

From a translation perspective, the SASP can also be targeted in a purely pharmacological approach using specific compounds. For example, treatment of human fibroblasts with glucocorticoids---corticosterone or cortisol---suppresses senescence-associated inflammation without reversing the tumour-suppressive growth arrest, in both oncogene- and radiation-induced senescent cells ([@bib24]). Similarly, the mTOR inhibitor, rapamycin, blunts the pro-inflammatory phenotype of senescent human fibroblasts by preventing the translation of IL-1*α*, which controls the expression of other pro-inflammatory cytokines such as IL-6 ([@bib28]; [@bib23]). Importantly, rapamycin suppresses the ability of senescent fibroblasts to stimulate prostate tumour growth in mice ([@bib23]). Furthermore, simvastatin, an approved lipid-regulating drug, was recently shown to decrease the SASP of senescent human fibroblasts by inhibiting protein prenylation without affecting the growth arrest ([@bib25]). The Rho GTPases Rac1 and Cdc42 are activated in senescent cells, and simvastatin reduces both activities leading to reduced secretion of the major SASP factor IL-6. Notably, the SASP promotes breast cancer cell proliferation, and simvastatin suppresses this proliferation ([@bib25]).

On the basis of all the results presented in the last two sections ('bright\' *vs* 'dark\' sides), it is increasingly obvious that inhibiting the SASP will need to be judiciously applied in a targeted manner.

Context-dependent effects of senescence and the SASP
====================================================

Tissue regeneration/differentiation-dependent effects
-----------------------------------------------------

In addition to genotoxic stress or oncogene activation, mitochondrial dysfunction, mediated by any of several means, results in a distinct senescent phenotype termed mitochondrial dysfunction-associated senescence (MiDAS; [@bib39]). MiDAS results from a reduced NAD^+^/NADH ratio, AMPK activation and p53 phosphorylation, which imposes a senescence growth arrest. MiDAS-induced p53 activation suppresses the IL-1 arm of the SASP, leading to a distinct SASP.

*In vivo,* MiDAS was shown to occur in skin and fat tissues. In culture, the MiDAS SASP inhibits adipogenesis and promotes keratinocyte differentiation ([@bib39]). At young ages, MiDAS-induced keratinocyte differentiation is beneficial and accelerates wound healing, but is detrimental at old ages where senescence depletes epidermal stem cells and reduces wound healing ([@bib36]). These studies support the idea that the pleiotropic effects of senescence are inextricably context dependent.

Notably, pyruvate prevents MiDAS in cells with compromised mitochondrial function by restoring cytosolic NAD^+^/NADH ratios. While these cells are not senescent, they develop a secretory phenotype similar to the SASP observed following genotoxic stress or oncogene activation ([@bib39]). Much like the pro-inflammatory SASP, these secreted factors promote an epithelia-mesenchymal transition and an invasive phenotype in breast cancer cells, whereas the secretion of cells cultured without pyruvate (MiDAS cells) does not (Wiley and Campisi, unpublished data). Thus, some effects of senescence may depend on the availability of extracellular factors, such as pyruvate, in the context of the local tissue microenvironment.

Effects dependent on senescence dynamics
----------------------------------------

Mounting evidence supports the idea that the timing of the presence of senescent cells influences the effects they and the SASP have *in vivo*. For example, developmental senescence was distinctly transient as senescent cells are cleared by immune cells shortly after their appearance. Similarly, during wound healing, senescent cells are present only transiently ([@bib14]; [@bib10]). In contrast, the chronic presence of senescent cells is thought to be responsible for the detrimental effects of senescence ([@bib34]). Ageing of the immune system could further promote the accumulation of senescent cells, thereby reinforcing the deleterious effects of senescence. Thus, the timing of senescence may be as important as the presence of senescent cells in determining whether they have a beneficial or deleterious role in tissue function.

Genetic/metabolic-dependent effects of senescence
-------------------------------------------------

The detrimental effects of the SASP may well be due to an increase in the number of senescent cells, which can occur during ageing or in response to environmental stimuli such as chemotherapy or toxic molecules produced by tumour cells. However, the SASP can also change in composition. Epithelial cells induced to senesce by loss of PTEN secrete higher level of the immunosuppressive cytokines CXCL2 and IL-10 than cells that senesce owing to oncogenic mutations in RAS. As a result, more immunosuppressive immune cells infiltrate tumours caused by a loss of PTEN, and consequently these tumours are more invasive than RAS-driven tumours ([@bib33]). It is possible the SASP changes in chronically present senescent cells because these cells experience continuous genetic and epigenetic remodelling ([@bib34]). It is also plausible that metabolic alterations determine the quality of the SASP as the intra- and extra-cellular metabolites can modify the SASP ([@bib29]; [@bib39]).

Conclusions
===========

In order to develop more effective anti-cancer therapies, it might be paramount to understand senescent cells in both their beneficial and pathological contexts, particularly because the SASP can also induce paracrine senescence in normal cells, both in culture and *in vivo* ([@bib1]). Indeed, as this paracrine-induced secondary senescence also possesses its own, weaker secretory phenotype, these effects could be both tumour-suppressive and tumour-promoting, depending on the context. Although the quality of the SASP can influence cancer progression, modification of the SASP might be a potential therapeutic strategy. Therapies aimed at suppressing the SASP might suppress tumorigenesis ([@bib35]). Depending on the tumour and tissue context, modulation of the SASP must be controlled in terms of quality and quantity of secreted factors, as well as the timing of secretion. A thorough characterisation of the genetics, epigenetics and metabolism of tumour-promoting senescent cells will be needed to efficiently modify the SASP. If modification is ineffective, killing senescent cells is a potential therapeutic alternative. It is plausible that persistent senescent tumour cells escape immunosurveillance via the cleavage of their antigens. In this situation, it would be efficacious to stimulate other immune cells for which the senescence antigen is still recognisable. If the patient\'s immune status is somehow compromised, activating apoptosis can trigger the killing of senescent cells. However, killing senescent cells risks losing their beneficial effects. Thus, although the early preclinical results are promising, senescence-targeted therapies are currently in their infancy. Future studies will determine which therapies are best used to exploit the context-dependent nature of senescent cells.
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![**Bright and dark sides of cellular senescence.**The bright side (left). Senescence growth arrest prevents tumorigenesis (senescence growth arrest effects=blue arrows). Senescence also limits fibrosis by preventing proliferation of cells that secrete ECM, whereas the SASP includes matrix metalloproteinases that digest fibrotic lesions (SASP effects=red arrows). Certain features of normal embryonic development are promoted by senescent cells, though it is unclear if this is dependent on the SASP. Components of the SASP accelerate wound closure and attract immune cells. The dark side (right). The loss of proliferative potential that accompanies senescence impairs tissue regeneration and promotes aging, whereas the SASP also promotes aging at least in part by inducing a chronic inflammatory state in the tissue microenvironment. The SASP also contains factors that promote angiogenesis, cell proliferation, and cancer cell invasiveness. Furthermore, immune cells attracted by the SASP can disrupt the local microenvironment and promote tumour cell invasion. These final activities result in cancer progression.](bjc2016115f1){#fig1}
